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EHDP VXUIDFH GXULQJ WKH FRXUVH RI YLEUDWLRQ 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)LJXUH6FKHPDWLFYLHZRIWKHVWHHOSLSHGDPSHUVDORQJWKHPDLQEHDP

 )RUPXODWLRQRIWKH6WHHO3LSH'DPSHU6\VWHP
'HILQLWLRQVDVVXPSWLRQVDQGJRYHUQLQJHTXDWLRQV
,Q VWUXFWXUDO HQJLQHHULQJ GDPSHUV DUH ZLGHO\ XVHG WR PLWLJDWH PD[LPXP YLEUDWLRQV XQGHU G\QDPLF ORDGV
HJPRYLQJ ORDGZLQGRUHDUWKTXDNHHYHQWVE\GLVVLSDWLQJ WKH LQSXWHQHUJ\ WUDQVPLWWHG WR WKH VWUXFWXUH
:KLOH GLIIHUHQW W\SHV RI GDPSHUV KDYH EHHQ VXFFHVVIXOO\ XWLOL]HG IRU YLEUDWLRQ FRQWURO RI EULGJHV
H[SHULPHQWDODQGDQDO\WLFDOVWXGLHVFRQGXFWHGE\0DOHNLDQG%DJKHULLQGLFDWHGWKDWVWHHOSLSHGDPSHU
FDQ SURYLGH YHU\ HIILFLHQW GHVLJQ VROXWLRQV E\ RIIHULQJ D VWDEOH K\VWHUHVLV EHKDYLRXU DQG KLJK HQHUJ\
DEVRUSWLRQWKURXJKPHWDOOLF\LHOGLQJ7KHUHIRUHLQWKLVVWXG\WKLVW\SHRIGDPSHULVVHOHFWHGWRPLWLJDWHWKH
HIIHFWV RI VLPXOWDQHRXV DFWLRQ RI YHUWLFDO HDUWKTXDNH H[FLWDWLRQ DQG YHKLFOH ORDGV LQ EULGJHV 7KH
PDWKHPDWLFDOIRUPXODWLRQIRUDSSOLFDWLRQRIVWHHOSLSHGDPSHUVLVGHYHORSHGLQWKHIROORZLQJVHFWLRQ
)LJXUHVKRZVWKHVFKHPDWLFYLHZRIWKHVWHHOSLSHGDPSHUVLQVWDOOHGDORQJWKHPDLQEULGJHEHDP6WLIIQHVV
IDFWRU RI HDFK SLSH  SLSH.  LQ HODVWLF DQG SODVWLF GHIRUPDWLRQ ]RQHV YDULHV LQ SURSRUWLRQDO WR WKH VHOHFWHG
SLSH 0DOHNL DQG %DJKHUL  VKRZHG WKDW WKH GDPSLQJ UDWLR RI WKH V\VWHP LV GHILQHG DV
 6' (( S[   '( LVWKHRYHUDOOHQHUJ\DEVRUEHGE\WKHGDPSHUVZKLFKLVHTXDOWRWKHDUHDXQGHUWKH
K\VWHUHVLVORDGGLVSODFHPHQWFXUYHIRURQHFRPSOHWHF\FOH)LQDOO\ 6( UHSUHVHQWVWKHHODVWLFVWUDLQHQHUJ\RI
WKH SLSHV +HQFH GDPSLQJ IDFWRU RI HDFK SLSH GDPSHU FRXOG EH REWDLQHG DV SLSHSLSHSLSH  .0& [  
  

ZKHUH SLSH0 LVWKHPDVVRIHDFKSLSHLQNLORJUDPV NJ $WHDFKORDGLQJSKDVHWKHSLSHGDPSHUVPD\HQWHU
WKH SODVWLF SKDVH ZKLOH WKH EHDP LWVHOI LV GHVLJQHG WR UHPDLQ LQ WKH HODVWLF UHJLPH XQGHU WKH GHVLJQ ORDG
FRQGLWLRQV 7KH H[SHULPHQWDO DQG DQDO\WLFDO VWXGLHV FRQGXFWHG E\ 0DOHNL DQG %DJKHUL  KDYH
GHPRQVWUDWHG WKH JRRG K\VWHUHVLV EHKDYLRXU DQG HQHUJ\ GLVVLSDWLRQ FDSDFLW\ RI WKH VWHHO SLSH GDPSHUV ,W
VKRXOGEHQRWHGWKDWWKHG\QDPLFV\VWHPVVROYHGLQWKLVVWXG\DUHFRQVLGHUHGWREHFODVVLFDOO\GDPSHGVLQFH
WKHGDPSLQJPDWUL[ LV RUWKRJRQDOZLWK UHVSHFW WR WKHPRGDOYHFWRUV DQG WKH VWLIIQHVVDQGGDPSLQJRI WKH
VWHHOSLSHGDPSHUVDUHRQO\DSSOLHGLQRQHGLUHFWLRQ:DUEXUWRQDQG6RQL9HOHWVRVDQG9HQWXUD
&RQILJXUDWLRQRIWKHSLSHGDPSHUV\VWHP
$VLOOXVWUDWHGLQ)LJXUHWKHSLSHGDPSHUV\VWHPLVDULJLGER[ZLWKOHQJWK /c ZKLFKLVORFDWHGDWWKHPLG
VSDQRIWKHEULGJH7KHER[FRPSULVHVRIDQXPEHURISLSHVZLWKH[WHULRUGLDPHWHU SLSHG  FRQQHFWHGWRWKH
PDLQEULGJHEHDPE\D(XURSHDQUROOHGVWHHOVHFWLRQ,3(3ODFHPHQWRIWKHSLSHGDPSHUV\VWHPLVEDVHGRQ
WKH IDFW WKDW PD[LPXP GHIOHFWLRQ RI D VLPSO\VXSSRUWHG EHDP XQGHU WKH DVVXPHG ORDGLQJ FRQGLWLRQ LV
H[SHFWHGWRRFFXUDWWKHPLGVSDQ7KHULJLGER[LVDVVXPHGWRUHVSRQGFRPSOHWHO\LVRODWHGIURPWKHPDLQ
EHDP DQG WKHUHIRUH GRHV QRW LPSRVH DQ\ FRQVWUDLQWV RQ WKH EHDP GHIRUPDWLRQ UHVSRQVH XQGHU H[WHUQDO
H[FLWDWLRQ)RUSUDFWLFDODSSOLFDWLRQVGHSHQGLQJRQWKHORFDWLRQRIWKHGDPSHUVDQGW\SHRIWKHEULGJHWKH
ULJLGER[FDQEHFRQQHFWHG WRWKHJURXQGXVLQJDVWUXFWXUDOV\VWHPVXFKDVDWUXVVS\ORQFRQFUHWHSDGRU
SUHWHQVLRQHG FDEOHV ,W VKRXOG EH QRWHG WKDW ZKLOH FRQQHFWLQJ WKH ULJLG ER[ WR WKH JURXQG FDQ VOLJKWO\
LQFUHDVHWKHFRQVWUXFWLRQDOFRVWVRIWKHSLSHGDPSHUV\VWHPWKHSURSRVHGV\VWHPJHQHUDOO\SURYLGHVDPRUH
IOH[LEOHDQGHFRQRPLFGHVLJQVROXWLRQWKDQFUHDWLQJDVWUXFWXUDOS\ORQWRFRQYHUWWKHVLQJOHVSDQEULGJHWRD
PXOWLVSDQV\VWHP0DOHNLDQG%DJKHUL
$VVKRZQLQ)LJXUHWKHQXPEHURISLSHVDWWDFKHGDERYHDQGEHORZWKHPDLQEHDPFDQEHFDOFXODWHGDV
SLSHQT   ZKHUH SLSHQ  LV WRWDO QXPEHU RI SLSHV XVHG LQ WKH ER[ /HQJWK RI WKH ULJLG ER[ LV JLYHQ E\
> @SLSH,3( GKT/  c ZKHUH ,3(K LVGHSWKRIWKH,3(VHFWLRQXVHGWRFRQQHFWWKHGDPSHUVWRWKHPDLQEHDP
%DVHGRQWKHELOLQHDUPRGHOSUHVHQWHGE\0DOHNLDQG%DJKHULWKHUHVSRQVHRIWKHVWHHOSLSHGDPSHU
V\VWHP ULJLG ER[ LV VLPXODWHG XVLQJ D VSULQJGDVKSRW E\ DVVXPLQJ   T[[+[[+[+  ' 
ZKHUH [ DQG T[ DUHWKHGLVWDQFHEHWZHHQFHQWUHRIWKHILUVWDQGODVWSLSHFRXSOHIURPWKHDVVXPHGRULJLQ
UHVSHFWLYHO\VHH)LJXUH
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LQ ZKLFK WKH HTXLYDOHQW VWLIIQHVV DQG GDPSLQJ IDFWRUV RI WKH VWHHO SLSH V\VWHP DUH FDOFXODWHG E\ WKH
HTXDWLRQVEHORZ
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%DVHGRQWKHDERYHHTXDWLRQ H.SLSH DQG H&SLSH DUHWKHIXQFWLRQRIWKHVWLIIQHVVDQGGDPSLQJIDFWRUVRIVWHHO
SLSHV7KXVWKH\FKDQJHSURSRUWLRQDOO\WRWKHSLSH¶VHODVWRSODVWLFEHKDYLRXUDQGGRQRWSRVVHVVDFRQVWDQW
YDOXHGXULQJWKHFRXUVHRIYLEUDWLRQLQWKHEHDP
6SDWLDODQGWLPHGLVFUHWL]DWLRQRIWKHJRYHUQLQJHTXDWLRQV
,Q WKLV VWXG\ WKH (LJHQIXQFWLRQ ([SDQVLRQ 0HWKRG ((0 LV DGRSWHG WR VROYH WKH DERYH PHQWLRQHG
GLIIHUHQWLDOHTXDWLRQDVIROORZV
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ZKHUH [LM DQG [DL UHVSHFWLYHO\GHQRWHWKHRUWKRJRQDOVKDSHIXQFWLRQUHODWHGWRWKHLWKEHDPYLEUDWLRQ
PRGHLQWKLVVWXG\ VLQ /[LQ/[L SM   Q QXPEHURIVSDQVRIWKHVLPSO\VXSSRUWHGEHDPVDQG
WKHFRUUHVSRQGLQJ LWK WLPHGHSHQGHQWDPSOLWXGH S LVWKHWRWDOQXPEHURIVKDSHIXQFWLRQVUHTXLUHGWRUHDFK
WKHSUHGHILQHG WDUJHWDFFXUDF\%\VXEVWLWXWLQJ(T LQWR(TPXOWLSO\LQJERWKVLGHVRI WKHUHVXOWLQJ
HTXDWLRQ E\ [MM  DQG ODVWO\ LQWHJUDWLQJ WKHP RYHU WKH OHQJWK RI WKH EHDP WKH IROORZLQJ HTXDWLRQ LV
DWWDLQHG
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
$ QXPEHU RI PHWKRGV DUH DYDLODEOH WR VROYH (T  LQ WKH WLPH GRPDLQ ,Q WKLV SDSHU WKH PDWUL[
H[SRQHQWLDO PHWKRG SURSRVHG E\ %URJDQ  DQG XWLOL]HG E\ D QXPEHU RI RWKHU UHVHDUFKHUV HJ
(EUDKLP]DGHK +DVVDQDEDGL HW DO  1LD] DQG 1LNNKRR  1LNNKRR  1LNNKRR HW DO  LV
DGRSWHGIRUFDOFXODWLRQRI WKHGLVSODFHPHQW ILHOG ,Q WKH IROORZLQJVHFWLRQ WKHHIILFLHQF\RI WKHPHWKRG LV
GHPRQVWUDWHGWKURXJKDEHQFKPDUNQXPHULFDOH[DPSOH
 1XPHULFDO([DPSOH
,QWKLVEHQFKPDUNH[DPSOH LWLVDVVXPHGWKDWDJURXSRIPRYLQJYHKLFOHVDUHFURVVLQJDVLPSO\VXSSRUWHG
EULGJHZLWKDVSDQOHQJWKRI P / /HJHURQDQG6KHLNK7KHGHFNRIWKHEULGJHLVVXSSRUWHGE\D
QXPEHURIEHDPVSDUDOOHOWRWKHGLUHFWLRQRIWKHEULGJH7RDQDO\VHWKHYLEUDWLRQDQGPD[LPXPGHIRUPDWLRQ
RI WKH EULGJH RQH RI WKH PDLQ EHDPV DV LQGLFDWHG LQ )LJXUH  LV FRQVLGHUHG $FFRUGLQJ WR /HJHURQ DQG
6KHLNK WKHPHFKDQLFDOSURSHUWLHVRIWKHEHDPVHFWLRQDUHDVVXPHGDV  P1 u (, DQG
PNJ $U 7KHPRYLQJ YHKLFOHV FRQVLVW RI DJURXSRI NJ P  PDVVHV WUDYHOOLQJZLWKD
FRQVWDQWYHORFLW\RI VP Y DQGHIIHFWLYHGLVWDQFHRIG$VLOOXVWUDWHGLQ)LJXUHLW LVDVVXPHG WKDW
ZKHQDWUDYHUVLQJPDVVUHDFKHVWKHPLGVSDQWKHQH[WPDVVHQWHUVWKHEHDPLH /G  7KLVV\VWHPLV
DQDO\VHG IRU WKH ILUVW  VHFRQGV LPSO\LQJ WKDW LQ WRWDO  PDVVHV WUDYHUVH WKH EHDP $GGLWLRQDOO\ LW LV
DVVXPHGWKDWDVWKHILUVWPDVVDUULYHVDWWKHEHDPLHIRU  W WKHEHDPXQGHUJRHVDYHUWLFDOH[FLWDWLRQ
FDXVHGE\DQHDUWKTXDNHHYHQW


)LJXUH6FKHPDWLF9LHZRIDVLPSO\VXSSRUWHGEHDPVXEMHFWHGWRPRYLQJPDVVHVZLWKXQLIRUPLQWHUYDOV
7RLQYHVWLJDWHWKHHIIHFWVRILQSXWJURXQGPRWLRQFKDUDFWHULVWLFVRQWKHG\QDPLFUHVSRQVHRIWKHFDVHVWXG\
EULGJHV\VWHP WKHYHUWLFDO DFFHOHUDWLRQ UHFRUGVRIVHYHQPDMRUQHDU ILHOGHDUWKTXDNHV DUH FRQVLGHUHG7KH
FKDUDFWHULVWLFV RI WKH VHOHFWHG HDUWKTXDNHV DUH SUHVHQWHG LQ 7DEOH  3((5 FHQWHU 7KH VRLO FRQGLWLRQV
FRUUHVSRQGLQJWRWKHVHOHFWHGHDUWKTXDNHUHFRUGVEDVHGRQ6(,$6&(FODVVLILFDWLRQVDUHDOVRVKRZQLQ
7DEOH ,WFDQEHVHHQWKDW WKHVHHDUWKTXDNHUHFRUGVDUHFKRVHQ LQDZD\ WRFRYHUGLIIHUHQWVRLO W\SHVDQG
IDXOWPHFKDQLVPV)LJXUHFRPSDUHVWKHDFFHOHUDWLRQUHVSRQVHVSHFWUXPRIWKHVHOHFWHGHDUWKTXDNHUHFRUGV



  

7DEOH(DUWKTXDNH&KDUDFWHULVWLFV
1XPEHU       
(YHQW /
$TXLOD,WDO\
,PSHULDO
9DOOH\
.REH
-DSDQ
0DPPRWK
/DNHV
/RPD
3ULHWD
1RUWKULGJH
 7DEDV,UDQ
<HDU       
6WDWLRQ *5$16$662
(O&HQWUR
$UUD\ .-0$
&RQYLFW
&UHHN &RUUDOLWRV
$UOHWD
1RUGKRII 7DEDV
0DJQLWXGH       
0HFKDQLVP 1RUPDO 6WULNHVOLS 6WULNHVOLS 1RUPDO2EOLTXH
5HYHUVH
2EOLTXH 5HYHUVH 5HYHUVH
'6       
5MENP       
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)LJXUH5HVSRQVH6SHFWUXPRIWKHVHOHFWHGHDUWKTXDNHJURXQGPRWLRQVD9HUWLFDO&RPSRQHQWVE
+RUL]RQWDO&RPSRQHQWV
9HUWLFDO6HLVPLF/RDGVDQGWKHLU,QWHUDFWLRQZLWK0RYLQJ,QHUWLDO/RDGV
7KHPLGVSDQEHDPGHIOHFWLRQUHVSRQVHRIWKHFDVHVWXG\EULGJH)LJXUHGXHWRWKHPRYLQJPDVVHVGDVK
OLQHDQGWKHVLPXOWDQHRXVHIIHFWVRIPRYLQJPDVVHVDQGHDUWKTXDNHH[FLWDWLRQVVROLGOLQHDUHGHSLFWHGLQ
)LJXUH$VREVHUYHGLQPRVWFDVHVWKHVHLVPLFORDGVDPSOLILHGWKHHIIHFWVRIPRYLQJYHKLFOHVDQGUHVXOWHG
LQGHIOHFWLRQVXSWRWZLFHWKHFDVHH[FOXGLQJVHLVPLFDFWLRQV7KLVHIIHFWZDVHVSHFLDOO\HYLGHQWLQ.REHDQG
7DEDVQHDUILHOGHDUWKTXDNHVZLWKODUJHYHUWLFDOFRPSRQHQWVVHH)LJXUH)RUEHWWHUFRPSDULVRQ7DEOH
SUHVHQWVWKHPD[LPXPGHIOHFWLRQDWWKHEHDP¶VPLGVSDQORFDWLRQVXQGHUWKHWZRDERYHORDGLQJFRQGLWLRQV
$VLWLVVHHQWKHGLVFUHSDQFLHVLQUHVSRQVHVYDU\IRUGLIIHUHQWHDUWKTXDNHV7KHLQFUHDVHLQWKHEHDPYHUWLFDO
GHIOHFWLRQUHVSRQVHGXHWRWKHYHUWLFDOFRPSRQHQWRIWKHLQSXWHDUWKTXDNHLVUHSUHVHQWHGE\ Q0 IDFWRU,WFDQ
EH QRWLFHG WKDW RQ DYHUDJH WKH YHUWLFDO GHIOHFWLRQV LQFUHDVHG E\ RYHU  XQGHU VLPXOWDQHRXV HIIHFW RI
PRYLQJ PDVV DQG HDUWKTXDNH YHUWLFDO H[FLWDWLRQV 7KHVH UHVXOWV FOHDUO\ GHPRQVWUDWH WKH LPSRUWDQFH RI
FRQVLGHULQJ WKH LQWHUDFWLRQRI WKHYHUWLFDOFRPSRQHQWVRIHDUWKTXDNHVDQGPRYLQJPDVVHV LQ WKHGHVLJQRI
EHDPOLNHVWUXFWXUHVDVZLOOEHGLVFXVVHGIXUWKHULQWKHIROORZLQJVHFWLRQV
 ?Ă ?  ?ď ?
  


)LJXUH7LPHKLVWRU\GHIOHFWLRQRIWKHEHDPGXHWRH[WHUQDOH[FLWDWLRQVD/
$TXLODE,PSHULDO9DOOH\F
.REHG0DPPRWK/DNHVH/RPD3ULHWDI1RUWKULGJHJ7DEDV

  

7DEOH,PSDFWRIYHUWLFDOHDUWKTXDNHH[FLWDWLRQRQPD[LPXPGHIOHFWLRQVDWEHDP¶VPLGVSDQ

1XPEHU

(DUWKTXDNH(YHQW
0D[LPXPPLGVSDQEHDP
GHIOHFWLRQP ,PSDFWRIYHUWLFDOHDUWKTXDNHH[FLWDWLRQRQ
PLGVSDQGHIOHFWLRQ Q0 0RYLQJPDVV 0RYLQJPDVV(DUWKTXDNH
 /
$TXLOD,WDO\   
 ,PSHULDO9DOOH\   
 .REH-DSDQ   
 0DPPRWK/DNHV   
 /RPD3ULHWD   
 1RUWKULGJH   
 7DEDV,UDQ   

(IILFLHQF\RI6WHHO3LSH'DPSHUVLQ9LEUDWLRQ6XSSUHVVLRQ
7KHREMHFWLYHRIWKLVVHFWLRQLVWRDVVHVVWKHHIILFLHQF\RIWKHVWHHOSLSHGDPSHUVLQPLWLJDWLQJWKHYLEUDWLRQV
LQ WKH EHDP EULGJH V\VWHP LQGXFHG E\ VLPXOWDQHRXV DFWLRQV RI PRYLQJ PDVVHV DQG YHUWLFDO VHLVPLF
H[FLWDWLRQV $V LQ WKH VWXG\ FRQGXFWHG E\ 0DOHNL DQG %DJKHUL  WKH H[WHULRU GLDPHWHU RI WKH SLSH
GDPSHUV ZDV VHW WR EH PPSLSH  G  ZKLOH LW ZDV DVVXPHG WKDW PPN1 '(  DQG
PPN1 6(  7KH VWLIIQHVV IDFWRU RI HDFK SLSH  SLSH.  LQ HODVWLF DQG SODVWLF GHIRUPDWLRQ ]RQHV DUH
JLYHQE\ PPN1 O DQG PPN1 O UHVSHFWLYHO\0RUHRYHUDFFRUGLQJWRWKHELOLQHDU
HPSLULFDOIRUPXODWLRQSUHVHQWHGE\0DOHNLDQG%DJKHULWKH\LHOGVWUHQJWKRIWKHSLSHGDPSHUVZDV
HVWLPDWHGDV N1 O)\  ZKHUH O LVWKHOHQJWKRIHDFKSLSHLQPLOOLPHWUHV PP %DVHGRQWKHVH
DVVXPSWLRQV WKH GHIRUPDWLRQ FRUUHVSRQGLQJ WR \)  LV FDOFXODWHG DV  PP $Q ,3( VHFWLRQ ZLWK WKH
GHSWKDQG IODQJHZLGWKRI PP,3(  K DQG PP,3(  E LQ DFFRUGDQFH WR(XURSHDQ VWDQGDUG',1
ZDVXVHGWRFRQQHFWWKHSLSHVWRWKHPDLQEHDP
,WVKRXOGEHPHQWLRQHGWKDWLQWKLVVWXG\WKHSUDFWLFDOOHQJWKRIWKHSLSHER[ /c ZDVVHOHFWHGWREHHTXDOWR
WKHVLWWLQJOHQJWKRIWKHEHDPSURSRUWLRQDOWRWKHEHDP
VOHQJWK7KHUHIRUHIRUDEHDPOHQJWKRIP /c 
ZDV FRQVLGHUHG WR EH PD[LPXP  P 7KXV WKH PD[LPXP QXPEHU RI SLSH GDPSHUV IRU WKLV FDVH VWXG\
H[DPSOHZDVVHWWREHVKRXOGEHDPXOWLSOHRIIRXUDVVKRZQLQ)LJXUH
6LQJOHVSDQEULGJH
)LJXUH  GHPRQVWUDWHV WKH YDULDWLRQV LQ WKH GHIOHFWLRQ RI WKH EHDP¶V PLGVSDQ DV D IXQFWLRQ RI WKH LQLWLDO
IOH[XUDOULJLGLW\IDFWRU (,.Q `^ IRUWKHVLQJOHVSDQEULGJHH[FOXGLQJGDPSHUV SLSH  Q 
DQG WKH RQH LQFOXGLQJ    DQG  VWHHO SLSH GDPSHUV  SLSH  Q  XQGHU WKH VHYHQ GLIIHUHQW
HDUWKTXDNH VFHQDULRV 7KH UHVXOWV LQ )LJXUH  LQGLFDWH WKDW DV H[SHFWHG LQ WKH EULGJH V\VWHPV ZLWKRXW
GDPSHUVWKHPD[LPXPGHIOHFWLRQRIWKHEHDPXQGHUDOOVHYHQVHOHFWHGHDUWKTXDNHVGHFUHDVHVDVWKHIOH[XUDO
  

ULJLGLW\ LQFUHDVHV ,Q JHQHUDO WKLV HIIHFW LV PRUH SURPLQHQW IRU WKH LQLWLDO IOH[XUDO ULJLGLW\ IDFWRUV Q. 
VPDOOHU WKDQ+RZHYHU LW LV VKRZQ WKDW WKHPD[LPXPGHIOHFWLRQRI WKHEULGJHV\VWHPVZLWK VWHHOSLSH
GDPSHUVFDQEHFRQVLGHUHGWREHSUDFWLFDOO\LQGHSHQGHQWRIWKHLQLWLDOIOH[XUDOULJLGLW\IDFWRURIWKHEULGJH,W
FDQEHQRWHGE\XVLQJSLSHGDPSHUV RQO\DFURVVRIWKHWRWDOEHDPOHQJWKWKHPD[LPXPUHVSRQVH
DPSOLWXGHRIWKHEULGJHZDVVLJQLILFDQWO\XSWRUHGXFHGSDUWLFXODUO\IRUWKHV\VWHPVZLWKORZLQLWLDO
IOH[XUDOULJLGLW\IDFWRUV
7KHEDVHOLQHLQ)LJXUHVKRZVWKHPD[LPXPGHIOHFWLRQDWWKHEHDP¶VPLGVSDQZLWKRXWSLSHGDPSHUVLH
 Q. DQG SLSH  Q 7KHDLPLV WRILQGWKH,QLWLDO)OH[XUDO5LJLGLW\)DFWRU Q. DWZKLFKWKHPD[LPXP
GHIOHFWLRQRI WKHEHDPZLWKSLSHGDPSHUV UHDFKHV WKHEDVH OLQH OHYHO7KH UHGXFWLRQRI WKH Q.  LVPDLQO\
DFKLHYHGE\UHGXFLQJWKHVL]HRIWKHEHDPVHFWLRQVVOHQGHUQHVVRIWKHEDVHEHDPLVDVVXPHGWREHFRQVWDQW
7KLVLPSOLHVWKDWIRUWKHVDPHSHUIRUPDQFHWDUJHWXVLQJSLSHGDPSHUVFDQFRQVLGHUDEO\UHGXFHWKHUHTXLUHG
VWUXFWXUDOZHLJKW ,W LVZRUWKPHQWLRQLQJWKDW WKHZHLJKWRIWKHVHGDPSHUV LVJHQHUDOO\OHVV WKDQRIWKH
WRWDOEHDP¶VZHLJKW
)RUEHWWHUFRPSDULVRQ7DEOHVKRZVWKHUHTXLUHGLQLWLDOIOH[XUDOULJLGLW\IDFWRU Q. IRUWKHEULGJHV\VWHPV
ZLWK  SLSH GDPSHUV WR H[KLELW WKH VDPH PD[LPXP PLGVSDQ GHIOHFWLRQ DV WKH LQLWLDO EHDP  Q.  
SLSH  Q  XQGHU WKH VHYHQ HDUWKTXDNH UHFRUGV ,W LV VKRZQ WKDW E\ XVLQJ  SLSH GDPSHUV WKH IOH[XUDO
ULJLGLW\RIWKHPDLQEHDPVFDQEHUHGXFHGE\XSWRRQDYHUDJH
$FFRUGLQJ WR 7DEOH  WKH SHUIRUPDQFH RI WKH SLSH GDPSHUV VHHPV WR EH GHSHQGHQW RQ WKH WZR PDLQ
SDUDPHWHUV Q0 DQG  VP9V  ,Q JHQHUDO DV H[SHFWHG WKH HIILFLHQF\ RI WKH GDPSHUV LQFUHDVHG E\
LQFUHDVLQJWKHHIIHFWRIYHUWLFDOHDUWKTXDNHH[FLWDWLRQ Q0 6LPLODUO\LQFDVHRIVWLIIVRLOVZLWKKLJKYDOXHV
RI  VP9V  WKHSHUIRUPDQFHRISLSHGDPSHUVVHHPVWREHPRUHSURIRXQG%DVHGRQWKHUHVXOWVWKHVH
WZRSDUDPHWHUVFDQDIIHFW WKHUHVSRQVHRI WKH V\VWHP LQGHSHQGHQWO\)RU LQVWDQFH LQFDVHRI WKH/¶$TXLOD
HDUWKTXDNHDOWKRXJKWKH Q0  LVQHJOLJLEOHGXHWRWKHVRLOW\SHKLJKYDOXHRI  VP9V SLSHGDPSHUV
FRXOGUHGXFHWKHUHTXLUHGIOH[XUDOULJLGLW\E\,QWKHRSSRVLWHVLWXDWLRQXQGHUWKH.REHHDUWKTXDNHZLWK
VPDOOYDOXHRI  VP9V DQGKLJKYDOXHRI Q0 XWLOL]LQJWKHSLSHGDPSHUVUHVXOWHGLQUHGXFWLRQLQ
WKH Q.  ,Q FDVH RI WKH ,PSHULDO YDOOH\ ZKHUH ERWK  VP9V DQG Q0 ZHUH VPDOO WKH HIILFLHQF\ RI
GDPSHUV ZDV FRQVLGHUDEO\ OHVV WKDQ WKH RWKHU HDUWKTXDNH VFHQDULRV 2Q WKH FRQWUDU\ WKH SLSH GDPSHUV
H[KLELWHG WKHLU PD[LPXP HIILFLHQF\  UHGXFWLRQ LQ Q.  XQGHU 7DEDV VHLVPLF HYHQW ZKHUH ERWK
 VP9V DQG Q0 YDOXHVZHUHPD[LPXP

  





)LJXUH(IIHFWRILQLWLDOIOH[XUDOULJLGLW\IDFWRU Q. RQWKHYDULDWLRQVRIWKHVLQJOHVSDQEHDPGHIOHFWLRQZLWKDQGZLWKRXWGDPSHUVD/
$TXLODE,PSHULDO9DOOH\F.REHG0DPPRWK/DNHVH/RPD3ULHWDI1RUWKULGJHJ
7DEDV
  

7KH )RXULHU DPSOLWXGH VSHFWUD FXUYHV LOOXVWUDWHG LQ )LJXUH  LQGLFDWH WKDW WKH GRPLQDQW IXQGDPHQWDO
IUHTXHQFLHV DIIHFWLQJ WKH VWUXFWXUDO UHVSRQVHRI WKHEHDPV\VWHPXQGHUGLIIHUHQW HDUWKTXDNHHYHQWVGRQRW
FKDQJHVLJQLILFDQWO\DIWHUXVLQJSLSHGDPSHUV




)LJXUH(IIHFWRI)UHTXHQF\RQWKH)RXULHU$PSOLWXGHRIEHDPGHIOHFWLRQZLWKDQGZLWKRXWGDPSHUVD/
$TXLOD
Q.  E,PSHULDO9DOOH\ Q.  F.REH Q.  G0DPPRWK/DNHV Q.  H/RPD3ULHWD
Q.  I1RUWKULGJH Q.  J7DEDV Q.  
  

7DEOH(IIHFWVRIXVLQJVWHHOSLSHGDPSHUVDQGGLIIHUHQWLQLWLDOIOH[XUDOULJLGLW\ Q. RQWKHPD[LPXPVLQJOHVSDQ
EULGJHGHIOHFWLRQXQGHUWKHVHYHQVHOHFWHGHDUWKTXDNHV
1XPEHU (YHQW 9VPV
(IIHFWRIYHUWLFDO
HDUWKTXDNH0Q .Q
1XPEHURISLSH
GDPSHUV
0D[LPXPPLG
VSDQGHIOHFWLRQP
 /
$TXLOD,WDO\      
 ,PSHULDO9DOOH\      
 .REH-DSDQ      
 0DPPRWK/DNHV  
   
 /RPD3ULHWD      
 1RUWKULGJH      
 7DEDV,UDQ      

0XOWLSOHVSDQEULGJH
$VLQGLFDWHGLQ)LJXUHDWKUHHVSDQEULGJHZLWKVLPSOHHQGVDQGWRWDOOHQJWKRI P / HDFKVSDQLV
P  DQG /G   LV DVVXPHG 7KH SLSH GDPSHU V\VWHP LV LQVWDOOHG DW WKH PLGVSDQ RI HDFK VSDQ VHH
)LJXUH7KHUHVWRIWKHSURSHUWLHVDUHWKHVDPHDVZDVDVVXPHGIRUWKHVLQJOHVSDQH[DPSOH

)LJXUH6FKHPDWLFYLHZRIDWKUHHVSDQEHDPHTXLSSHGZLWKWKHSLSHGDPSHUVV\VWHP
)LJXUH  LOOXVWUDWHV WKH VSHFWUXP RI WKH PD[LPXP GHIOHFWLRQ DW WKH PLGVSDQ DV D IXQFWLRQ RI WKH LQLWLDO
IOH[XUDO ULJLGLW\ IDFWRU Q.  ,Q DGGLWLRQ7DEOH VKRZV WKH HIIHFWVRIXVLQJGLIIHUHQW QXPEHURI VWHHO SLSH
GDPSHUV DQG Q. RQ WKH PD[LPXP GHIOHFWLRQ RI WKH WKUHHVSDQ EULGJH H[DPSOH XQGHU WKH VHYHQ VHOHFWHG
HDUWKTXDNHV


 ?

 
 
 

)LJXUH(IIHFWRI,QLWLDO)OH[XUDO5LJLGLW\)DFWRU Q. RQWKHYDULDWLRQVRIWKUHHVSDQEHDPGHIOHFWLRQZLWKDQGZLWKRXWGDPSHUVD/
$TXLODE,PSHULDO9DOOH\F.REHG0DPPRWK/DNHVH/RPD3ULHWDI1RUWKULGJHJ
7DEDV
  

7DEOH(IIHFWRIXVLQJGLIIHUHQWQXPEHURIVWHHOSLSHGDPSHUVDQG,QLWLDO)OH[XUDO5LJLGLW\ Q. RQWKHPD[LPXP
GHIOHFWLRQRIWKUHHVSDQEHDPXQGHUVHYHQVHOHFWHGHDUWKTXDNHV
1XPEHU (YHQW 9VPV
(IIHFWRIYHUWLFDO
HDUWKTXDNH0Q .Q
1XPEHURISLSH
GDPSHUV
0D[LPXPPLG
VSDQGHIOHFWLRQP
 /
$TXLOD,WDO\      
 ,PSHULDO9DOOH\      
 .REH-DSDQ      
 0DPPRWK/DNHV  
   
 /RPD3ULHWD      
 1RUWKULGJH      
 7DEDV,UDQ      

6LPLODUWRWKHVLQJOHVSDQEULGJHH[DPSOHXWLOL]LQJWKHSLSHGDPSHUV\VWHPFRXOGFRQVLGHUDEO\LPSURYHWKH
G\QDPLF SHUIRUPDQFH RI WKH WKUHHVSDQ EULGJH V\VWHP LQ WKH UDQJH RI YDULDWLRQ RI LQLWLDO IOH[XUDO ULJLGLW\
IDFWRU Q. +RZHYHULWFDQEHQRWLFHGWKDWWKHHIILFLHQF\RIWKHSLSHGDPSHUV\VWHPZDVPRUHSURPLQHQWLQ
WKHWKUHHVSDQEULGJH7KLVFDQEHGXHWRWKHKLJKHUYDOXHVRI Q0 LQWKHWKUHHVSDQEULGJHFRPSDUHGWRWKH
VLQJOHVSDQH[DPSOHLQPRVWRIWKHVHOHFWHGHDUWKTXDNHHYHQWVDQGDOVRXWLOL]LQJWKUHHSDFNVRIGDPSHUVIRU
WKHWKUHHVSDQEULGJHV\VWHP7KHUHVXOWVLQ7DEOHLQGLFDWHWKDWE\HPSOR\LQJSLSHGDPSHUVWKHIOH[XUDO
ULJLGLW\RIWKHPDLQEHDPFDQEHUHGXFHGXSWRRQDYHUDJHLQWKHWKUHHVSDQEULGJHH[DPSOH

 6XPPDU\DQG&RQFOXVLRQV
7KLV VWXG\ DLPHG WR WKRURXJKO\ DVVHVV WKH YLEUDWLRQ SKHQRPHQRQ DQG GHYHORS D PLWLJDWLRQ WHFKQLTXH IRU
VLPSO\ VXSSRUWHG EULGJH V\VWHPV VXEMHFWHG WR VLPXOWDQHRXV HIIHFWV RI PRYLQJ YHKLFOHV DQG YHUWLFDO
HDUWKTXDNH JURXQG PRWLRQ 7KURXJK DQ H[WHQVLYH DQDO\WLFDO VWXG\ XVLQJ WKH (LJHQIXQFWLRQ ([SDQVLRQ
0HWKRG((0LWZDVVKRZQWKDWLIDQHDUILHOGHDUWKTXDNHZLWKDVWURQJYHUWLFDOFRPSRQHQWVWULNHVZKLOH
YHKLFOHVDUHWUDYHOOLQJDFURVVWKHEULGJHGHSHQGLQJRQWKHIUHTXHQF\FRQWHQWRIWKHHDUWKTXDNHGLVSODFHPHQW
UHVSRQVHRIWKHEULGJHFRXOGEHVHYHUHO\LQWHQVLILHGHYHQE\:KLOHWKHHIIHFWVRIYHUWLFDOHDUWKTXDNH
ORDGVDUHXVXDOO\LJQRUHGLQWKHFXUUHQWGHVLJQJXLGHOLQHVWKLVKLJKOLJKWVWKHLPSRUWDQFHRIFRQVLGHULQJWKH
VLPXOWDQHRXV HIIHFWV RI YHUWLFDO HDUWKTXDNH H[FLWDWLRQ DQG YHKLFOH ORDGV LQ WKH GHVLJQ SURFHVV RI EULGJH
V\VWHPV LQ VHLVPLF UHJLRQV 6XEVHTXHQWO\ WKH HIILFLHQF\ RI XVLQJ VWHHO SLSH GDPSHUV ZHUH H[DPLQHG DV D
QRYHOWHFKQLTXHWRPLWLJDWHWKHYLEUDWLRQVLQGXFHGLQVLQJOHDQGPXOWLVSDQVLPSO\VXSSRUWHGEULGJHV,WZDV
VKRZQWKDWWKHSURSRVHGV\VWHPFDQVLJQLILFDQWO\UHGXFHWKHPD[LPXPUHVSRQVHDPSOLWXGHRIWKHEULGJHXS
WR  HVSHFLDOO\ IRU WKH V\VWHPV ZLWK ORZ LQLWLDO IOH[XUDO ULJLGLW\ IDFWRUV 5HJDUGOHVV RI WKH LQSXW
HDUWKTXDNH FKDUDFWHULVWLFV WKH PD[LPXP GHIOHFWLRQ RI WKH EULGJH DSSHDUHG WR EH OHVV VHQVLWLYH WR WKH
YDULDWLRQVRIIOH[XUDOULJLGLW\FRPPRQO\WLHVWRHQYLURQPHQWDOYDULDWLRQVZKHQSLSHGDPSHUVDUHHPSOR\HG
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PD[LPXP GHIOHFWLRQ RI WKH EULGJH DSSHDUHG WR EH OHVV VHQVLWLYH WR WKH YDULDWLRQ RI IOH[XUDO ULJLGLW\
FRPPRQO\WLHVWRGHVLJQXQFHUWDLQWLHVDQGHQYLURQPHQWDOYDULDWLRQVZKHQSLSHGDPSHUVDUHHPSOR\HG7KH
UHVXOWVRIWKLVVWXG\LQGLFDWHGWKDWWKHHIILFLHQF\RISLSHGDPSHUVJHQHUDOO\LPSURYHGE\LQFUHDVLQJWKH Q0 
DQG  VP9V RIWKH LQSXWHDUWKTXDNH)RU WKH VDPHPD[LPXPPLGVSDQGHIOHFWLRQ OLPLW DSSOLFDWLRQRI
SLSHGDPSHUVLQEULGJHVFRXOGUHGXFHWKHUHTXLUHGIOH[XUDOULJLGLW\RIWKHVLQJOHVSDQDQGPXOWLVSDQV\VWHPV
E\XSWRDQGUHVSHFWLYHO\XQGHUWKHVHWRIVHYHQVHOHFWHGHDUWKTXDNHUHFRUGV7KLVLPSOLHVWKDWWKH
SURSRVHG YLEUDWLRQ PLWLJDWLRQ PHWKRG FDQ SRWHQWLDOO\ UHGXFH WKH FRQVWUXFWLRQDO FRVWV E\ UHGXFLQJ WKH
VWUXFWXUDOZHLJKWRIWKHEULGJHV\VWHP


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